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RESUMEN
Este artículo presenta un sistema integral para la producción de componentes de forma casi neta o forma muy cercana a la forma 
final (near net shape, NNS), el cual esta basado en la descomposición Octree de modelos sólidos 3D. La representación Octree es 
usada para la generación automática de las instrucciones del robot necesarias para la creación de ensambles de cubos sujetados 
mediante un adhesivo. Además de producir partes de diversos materiales y de precisión y complejidad variable (incluyendo formas 
suspendidas o con reentradas), el sistema también es capaz de producir piezas sin la necesidad de herramentales (por ejemplo, 
moldes, dados, matrices, o soportes). El artículo muestra como diversos algoritmos para la subdivisión, búsqueda de octantes 
adyacentes, y exploración de la estructura Octree, han sido modificados para el desarrollo de esta aplicación novedosa. El artículo 
finaliza con los resultados obtenidos de la construcción de dos componentes mecánicos en la celda prototipo, y con una discusión 
de la factibilidad global del sistema.

ABSTRACT 
This paper presents an integrated system for the production of near net shape components based on an Octree decomposition of 
a 3D solid model. The Octree representation is used to automatically generate the robot instructions required to create assemblies 
of blocks secured by adhesive. Not only is the system capable of producing shapes of variable precision and complexity (including 
overhanging or re-entrant shapes) from a variety of materials, but it also does not require the design of production tooling (e.g. 
moulds, dies, jigs or fixtures). The paper details how a number of well known Octree algorithms for subdivision, neighbour finding 
and tree traversal have been modified to support this novel application. The paper ends by reporting the construction of two 
mechanical components in the prototype cell and discussing the overall feasibility of the system.

KEY WORDS:  Near net shape (NNS), RPNNS system, Octree 
decomposition, Octree model, Octree assembly cell, NNS 
component.

INTRODUCTION
Near net shape (NNS) manufacturing refers to the fabrication 
of products which can be used directly as a part requiring 
a finishing operation of some kind. NNS manufacturing 
is important because it enables a significant reduction in: 
machining work, raw material usage, production time, and 
energy consumption [1]. The traditional NNS manufacturing 
processes include forging, injection moulding, and casting. The 
main characteristic of these processes is that shapeless raw 
material is formed by a tool (i.e. moulds, dies and cast) with 
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a cavity into the shape of the desired part. NNS is particularly 
important when high-cost materials are used and when high-
volume production of low-cost materials is required. The 
traditional development cycle of NNS manufactured parts 
consist of part design, mould (or die) design, mould (or die) 
manufacturing, and NNS manufacturing [2]. So the cost, 
quality and production time of NNS parts are dominated by 
that of moulds, or dies, which in turn are directly linked to the 
complexity of part’s geometry. Even though the NNS processes 
may have a great impact in the production of components, NNS 
manufacturing systems have been less studied and much of the 
research works reported consider the analysis and improvement 
of existing NNS processes, which are based on forging, injection 
moulding, and casting. The following paragraphs review a 
number of research projects related to CAD/CAM support of 
NNS manufacturing systems.
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CAD/CAM tools for existing processes
Several researchers have considered the long established proc-
ess of forging: work on simulation of incremental forging of 
near net shaped forging has been presented in [3]; an analysis 
and the results of some experiments in near net shape forging 
of spur gear forms were presented in [4]; a prototype forming 
system consisting of four heating modules, a robot for billet 
handling and a high pressure die casting machine has been 
reported in [5] and assessed for the production of lightweight 
near net shape components; an experimental investigation 
made into the quasi-static progressive incremental closed-die 
forging of crown gears forms starting initially from both solid 
and hollow circular cylindrical specimens were presented in [6]. 
Similar work on virtual prototyping approaches for support of 
casting processes can also be found; for example the geometric 
mouldability analysis of near net shape manufactured parts 
was reported in [2]. 

CAD/CAM support of new NNS processes
Much of the motivation for the creation of new processes has 
been driven by the demands of new materials. For example 
there is a distinct focus of NNS research in the area of ceramic 
materials manufacture. Much of this deals with development of 
mechanical processes rather than geometric computation. For 
example [7] reports the use of explosive and electromagnetic 
high energy rate compacting forming ‘powder-in-tube’ tech-
niques for NNS manufacturing of axisymmetric silver/super-
conducting ceramic; [8] describes a new NNS forming process 
for alumina; [9] details a novel NNS manufacturing method 
for polymer derived ceramics; [10] presents a study of gel-
casting technique for ceramics and lastly [11] reports a new 
NNS method of fabricating diphasic ceramic microstructures 
with controlled phase dimensionality and anisotropy. A review 
of NNS manufacturing processes for ceramics was presented 
in [12]. 
             
However NNS developments are also motivated by the avail-
ability of new computational tools (e.g. robust geometric model-
ling) or the availability of processes (e.g. cheap laser source). 
The emergence of main stream layer manufacturing systems 
has been an outstanding example of this trend. However in 
the area of NNS manufacturing these new tools have enabled 
the investigation of many novel new processes. For example: 
A hybrid system that combines the strengths of selective laser 
sintering (SLS) and hot isostatic pressing (HIP) for NNS fab-
rication is presented in [13]. The use of plasma spraying for 
producing free-standing NNS components of metallic, ceramic 
and layered composites with alternate ceramic and metallic 
layer systems was studied in [14]. The application of bulge-
forming processes to NNS manufacture is studied in [15]. The 
use of the twin-strand technique of electromagnetic casting 
in the aluminium industry for the casting of near net shape 
products was investigated in [16]. The near net shape manu-
facturing of components using direct laser fabrication technol-
ogy was presented in [17]. The effect of ultra-high-pressure 
cooling in the turning of near net shape decarburized parts 
was showed in [1]. The application of laser-aided technologies 

to the near net shape forming of a high-strength titanium alloy 
was presented in [18]. More recently, a system for develop-
ing full-scale prototypes from small-scale physical models was 
presented in [19]. 

In summary NNS manufacture is an important step in many 
manufacturing processes, and for many types of material the 
availability of geometric representations and automated sys-
tems is creating many opportunities for new processes. In this 
context, this paper reports work concerned with the develop-
ment of a novel technique for the Rapid Production of NNS 
models, named RPNNS system. The proposed technique uses 
traditional manufacturing processes and extends established 
approaches for geometric representation and analysis (i.e. Oc-
trees and spatial reasoning), but does not require the design 
of tools (e.g. moulds, dies) and so it can be used to produce 
shapes regardless of their complexity.

SYSTEM OVERVIEW 
An overview of the proposed RPNNS system is presented in 
Fig. 1. The system works by first subdividing a 3D model into 
cubes of various sizes using an Octree decomposition approach. 
The Octree model, is then “optimised” to reduce the number of 
cubes required to represent the model but without affecting 
the accuracy of the approximation. Following this, a stability 
analysis is carried out to detect unstable conditions that may 
affect the assembly of the Octree model. When unstable 
conditions are identified, the system adds supporting structures 
to eliminate the problems. After this stage the Octree model 
is suitable for physical fabrication and automated assembly 
planning is carried out. When the assembly plan has been 
completed, the system generates the instructions for the Octree 
assembly cell to construct the component. An approximate near 
net shape component is then obtained from the assembly of 
the Octree model. This component can be post-processed to 
obtain the final part.
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Figure 1. Overview of the RPNNS system.
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Continuing with the example of the ANC101 component, the 
Octree optimisation of the Octree model shown in Fig. 2 resulted 
in the optimised Octree model shown in Fig. 3, which contains 
247 cubes, i.e. a reduction of 45.1 % of cubes was obtained. 
This reduction of cubes will lead to a reduction of the production 
time of the model since fewer cubes will be assembled.  

STABILITY ANALYSIS 
Since the fastening mechanism in the RPNNS system is an instant 
adhesive that will cure and hold the cubes together, unstable 
assembly operations (e.g. overhanging, or re-entrant shapes) 
may cause binding problems that affect the accuracy and 
rigidity of the final component. Consequently a stability and 
part orientation analysis is considered as part of the RPNNS 
system. Essentially the stability algorithm analyses an Octree 
model to find unstable octants by considering the direction 
of the gravitational force [21]. If an octant is found to be 
unstable (i.e. without vertical support), the algorithm searches 
for adjacent empty octants in the gravity direction and adds 
them to the Octree model as supporting cubes that will not be 
glued in place during the assembly of the model. In this way, 
“empty” octants can provide support for material above them 
and be easily removed after the build. However since the ad-
dition of supporting octants may create additional unstable 
conditions, the stability algorithm also analyses the stability 
of the supporting octants. Adjacent octants are found using 
the Octree structure of the model and the neighbour find-
ing method proposed in [24]. Figure 4 illustrates the stability 
analysis process of a simple Octree model. In this example, the 
algorithm added an additional supporting cube to eliminate 
the unstable condition of the previous supporting cube added 
to the Octree model. 

ASSEMBLY PLANNING 
A complete assembly planning system has been developed to 
support the RPNNS system. This system, referred to as Octree 
Assembly Planning system (OAP), comprises three main modules: 
1) Assembly Sequence Generator (ASG); 2) Assembly Sequence 
Evaluator (ASE); and 3) Assembly Sequence Translator (AST). 
The OAP system is designed to support the assembly process of 
the RPNNS system, which requires three movements to assembly 
an octant (Fig. 5). In the first move, m1, a cube is taken from 
the feeder to the binding system. In the second move, m2, the 
cube is taken from the binding system to the boundary of the 
Octree model. Finally, in the third move, m3, the cube is taken to 
the final assembly location. Within this framework the assembly 
preferences are defined in terms of four variables: First axis 
(the progress assembly direction of the cubes), Second axis (the 
direction in which the first axis is incremented), Build axis (normal 
direction to the first and second axis), and Assembly Trajectory 
(the approach direction used to assemble the cubes). These 
assembly variables have been limited to directions parallel to 
the coordinate system (+X, +Y, +Z, -X, -Y, -Z).

OCTREE DECOMPOSITION 
The Octree decomposition is carried out by using the “fixed-
size-range” Octree decomposition approach reported in [20]. 
In this approach a 3D model is approximated with cubes of 
certain range of sizes between a minimum value smin and a 
maximum value smax. The “fixed-size-range” decomposition 
method guarantees that the sizes of octants will match the 
dimensions of the raw material and the capacity of the as-
sembly cell. The cubes within an Octree are labelled as “full”, 
“empty” or “boundary” and so to create a maximal NNS 
component both full and boundary octant will need to be as-
sembled. Figure 2 presents the Octree decomposition of the 
ANC101 component using a size range of [10, 40] mm. The 
resulting Octree model contains 450 cubes of two different 
sizes (10 and 20 mm).

OCTREE OPTIMIZATION 
The process of reducing the number of cubes (i.e. octants) in an 
Octree decomposition is referred as the Octree optimisation 
[21]. The quality of the geometrical approximation must not 
decrease so that the same Octree model can be produced but 
with less number of cubes. The RPNNS system uses an Octree 
decomposition approach that reduces the number of octants 
by compressing the Octree structure. This process is referred 
to as the “Octree recomposition” method [21], and uses a 
depth-first-search strategy [22-23] to traverse the Octree 
structure and search for parent octants that have all their 
children contained in the Octree model (i.e. whose children 
are either of type boundary or full). When the algorithm finds 
one, it deletes the children and adds the parent to the Octree 
model. Since the Octree recomposition of octants may result 
in undesired large sizes of octants, a maximum size of octant 
is defined to control the process. This maximum size is defined 
according to the sizes of raw material and the ability of the 
assembly cell. If the grouping of children results in an octant of 
larger size than the maximum size defined, then the reduction 
is not performed.

Figure 2. Decomposition of the ANC101 component: 
(a) 3D Model, (b) Octree model.

Figure 3. ANC101 Octree model after the optimisation.
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Assembly Sequence Generator (ASG) 
The ASG module generates feasible assembly sequences for 
an Octree model based on: geometrical feasibility, mechanical 
feasibility, manipulability, accessibility, stability, assembly 
orientation, assembly progress preferences, and motion 
directions. According to these criteria, 36 assembly sequences 
can be generated and they correspond to the feasible values 
of the assembly variables [21]. The ASG module uses the 
modular-assembly method presented in [20] to generate the 
36 assembly sequences. This assembly method takes advantage 
of the spatial property of the Octree structure to generate 
assembly sequences without performing any geometrical 
operation. Essentially it is an ordered depth first search of the 
Octree that allows assembly sequence to be generated using a 
predefined collision-free sequencing of each octant. This order, 
referred to as the octants-assembly order, is defined based on 
the values of the assembly variables. For each set of values of 
these variables, the system creates an octants-assembly order 
and generates an assembly sequence.

Assembly Sequence Evaluator (ASE) 
The aim of the ASE module is to find the optimal assembly se-
quence from a set of feasible assembly sequences generated 
in the ASG module. The evaluation of assembly sequences 
depends on several criteria that may vary according to each 
particular assembly process. Some of the most important fac-
tors are: tool changes, orientation changes, fixture complex-
ity, directionality, travelled distance, time, similar assembly 

operations, cost, and parallelism. Since in the RPNNS system all 
the parts (i.e. cubes) have the same shape and they are assem-
bled in the same way and using the same assembly operations, 
the most significant criteria for the assembly sequence evalua-
tion is the travelled distance, which is the length of the robot’s 
assembly path. Based on the general assembly process defined 
in Fig. 5, the ASE module computes the total travelled distance 
for each assembly sequence and compares them to select the 
optimal one that results in the minimum travelled distance. 

Assembly Sequence Translator (AST) 
The AST module is responsible of generating the instructions 
for the assembly cell to construct the Octree model based on 
the optimal assembly sequence found in the ASE module. This 
generation process, also known as the translation process, is 
carried out in two steps. In the first step all the information 
of the Octree model required for the assembly process is 
extracted. This information includes: size of each cube, pick up 
location in the feeder, positions at the binding system, positions 
at the boundary of the Octree model, assembly trajectory, 
pre-assembly positions, and assembly positions. In the second 
step the robot instructions are generated. An Epson® SCARA 
robot is used in the assembly cell which uses the SPEL software 
that enables the use of Visual C++ to run robotics applications. 
Since the RPNNS program application has been written in Visual 
C++, the robot instructions are directly generated by using the 
SPEL API functions in the program.

Figure 4. Stability analysis: (a) unstable cube, (b) empty adjacent cube, (c) supporting cube, (d) additional supporting cube.

Figure 5. General assembly process.
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OCTREE ASSEMBLY CELL 
An Octree assembly cell has been designed and constructed to 
support the automatic construction of Octree models. Figure 6 
shows this Octree assembly cell after its construction and final 
configuration. The assembly cell is able to perform all the as-
sembly tasks required for the construction of Octree models 
by means of six main components.

Robotic system
An Epson® SCARA (Selective Compliance Assembly Robot Arm) 
ES63S industrial robot is used to assemble the cubes required 
to construct the prototypes. This robot has a repeatability of 
±0.02 mm and can be programmed directly from C++ using 
the SPEL API functions.

Feeding system 
A multi-size cube feeder was designed and constructed. The 
feeder uses a belt conveyor to feed the cubes and it has several 
lanes of cubes, which can be adjusted to different sizes by mean 
of separators. These separators can be added or removed to 
increase or decrease the number of lanes. The separators are 
adjusted in a tapered configuration that allows the cubes to 
be loaded more easily at the beginning of the lane and that 
allows the automatic alignment of the cubes at the end of the 
lane for the robot to pick them up with accuracy. At the end 
of each line a sensor has been fitted to control de automatic 
feeding of the cubes.

Binding system 
A binding system consisting of a rinse bath of adhesive has 
been considered. Each cube being assembled is immersed into 
this bath before it is assembled. The advantage of this system 
is that the glue is applied to the cube in just one operation and 
therefore the rapidity of the system is improved. A cyanoacr-
ylate-based adhesive is used because of its fast curing and 
high bond strength.

Gripping system 
The gripping system consists of a vacuum cup attached to the 
end of the robot arm. This gripper uses the top face of a cube 
to grasp it but without obstructing the rest of the faces so they 
remain clear for glue application and assembly. 

Workspace 
The current configuration of the Octree assembly cell has a 
workspace capacity of 600 × 300 × 200 mm. In this workspace 
an aluminium base plate with holes to drain any excess of glue 
is located. A square support has been fitted in the origin of 
the workspace to provide alignment during the assembly of 
the Octree models. 

Raw material 
Currently, aluminium solid cubes of 10, 20 and 40 mm are used 
in the system. The sizes of the cubes were selected based on 
the commercial sizes of aluminium square bars and the series 
of preferred numbers ISO R10 [25]. Some other materials such 
as wood, MDF, plastic, clay, CerroBend, etc, can also be used 
without requiring a significant change in the system.

IMPLEMENTATION AND RESULTS 
The RPNNS application program has been developed in Visual 
C++ and uses the ACIS® geometric modelling kernel from 
Spatial Technology [26] to support the geometric operations 
required in the system. The system’s user interface allows: solid 
model manipulation, Octree decomposition, Octree optimisation, 
addition of supporting structures, automatic assembly planning, 
assembly sequence visualization and manual modification, 
assembly process setting, assembly operation testing, assembly 
instruction generation, and performance analysis. The RPNNS 
application program accepts only ACIS files (i.e. *.sat).

Two components were used to test the RPNNS system. The first 
of them is the ex02 component shown in Fig. 7a, which has a 
bounding box of 150 × 100 × 90 mm. The Octree decomposition 
resulted in an Octree model with 567 cubes of 10, 20 and 40 
mm. An optimisation of this Octree model was performed and 
the cubes were reduced to 378, i.e. a 33.3 % reduction, see Fig. 
7b. The stability and orientation analysis of the model suggested 
the current orientation of the model as the optimal one requiring 
none supports. After performing the assembly planning of the 
Octree model, the construction of it was carried out and the 
obtained NNS component is shown in Fig. 7c. The assembly time 
of this model was 1 hr 1 min 51 sec and the total production time, 
which includes from the Octree decomposition to the assembly 
of the model, was 1 hr 21 min 17 sec.

Figure 6. Octree assembly cell.
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generate, evaluate and translate assembly sequences for the 
construction of Octree models. The results also showed that  
the assembly planning system is relatively fast; for instance, 
the assembly planning of the ex02 and truck components took 
58.02 sec and 26.46 sec, respectively. This rapidity is because 
the algorithms are based on the Octree data structure and do 
not perform any geometrical test. The capacity of the Octree 
assembly cell to construct Octree models was proved and the 
results suggested a general assembly unit time of 9.66 sec/
cube, i.e. the average time to assembly a cube in the Octree 
assembly cell is 9.66 sec. This assembly unit time can be used 
to estimate the construction time of Octree models when the 
number of cubes is known. 

To determine the feasibility of post-processing the NNS com-
ponents by CNC machining, several tests were performed and 
the results suggested that the machining of glued assemblies of 
Octree models is possible. Post-processing is required in all NNS 
processes but in the case of the RPNNS system, the traditional 
development cycle of NNS manufactured parts is reduced by 
eliminating the design and manufacture of production tooling 
(e.g. moulds, dies, jigs or fixtures).

CONCLUSION
An integrated system for the rapid production of NNS compo-
nents has been presented and is based on the Octree decom-
position of CAD models which are automatically constructed 
using a robotic assembly cell. The system allows the automatic 
transfer of the 3D model data generated by the Octree model-
ler, to an assembly planning system, which produces an optimal 
assembly sequence that in turn generates the instructions for the 
assembly cell to construct the physical model. The RPNNS system 
is able to produce NNS components of different precisions and 
complexities and has the advantage over other traditional NNS 
manufacturing processes that it does not require the design 
and manufacture of production tooling, such as moulds or dies. 
The results also showed that the RPNNS system is best suited 
for large components because of the great benefits in terms 
of raw material usage, material removal, and production time 
that may be obtained.

Future work considers the automatic generation of CNC code 
for post-processing the NNS components. The production of 
NNS components of different materials such as plastics, wood, 
MDF, clay, etc, is also considered as future work.
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Figure 7. Construction of the ex02 model: (a) CAD model, (b) optimised Octree model, (c) NNS component.

Figure 8. Construction of the truck component: (a) CAD model, (b) Octree model (c) optimised Octree model, 
(d) addition of supports, (e) NNS component.
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